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I. INTRODUCTION
The study of atomic and molecular dynamics in the cold and ultracold regime, which started several decades ago, is a very prolific domain of research. The ability to confine and cool down atoms at temperatures below µK temperatures using laser schemes has resulted in numerous exciting breakthroughs while the study of cold molecules, which present additional internal degrees of freedom, have led to interesting new areas of research [2] [3] [4] ranging from precision spectroscopy 5 and test of fundamental constants 6 to quantum control of chemical reactions 7 . A broad range of experimental methods such as Stark deceleration 8 , sympathetic cooling 9, 10 , and even direct laser cooling 11 , can be used to cool down molecular gases. In particular, molecular ions offer interesting possibilities since they can be easily trapped using radio frequency 12 or Penning 13 traps. This allows subsequent cooling using a cold (such as cryogenic helium) or ultracold (such as laser-cooled atoms) buffer gas. So far, most experimental groups have been focusing on molecular cations. However, following the discovery of anions in various astrochemical environments [14] [15] [16] , the proposal of laser cooling schemes for atomic 17 and molecular 18 anions, and the prospects of sympathetic cooling anti-matter using cold anions 19 , an increasing theoretical and experimental effort has been devoted to negatively charged systems. The most general approach to produce cold ions is sympathetic cooling. One of the most important feature is that radio frequency traps are state-independent and usually have rather deep wells 12 (around 1 eV), which prevents inelastic collisions from causing trap losses of the ions. However, reactive collisions may still lead to losses through charge transfer or other mechanisms that involve neutralisation of the ions. In the case of anions, one such mechanism is the associative electronic detachment . In order to get a low AED rate, one general rule would be to choose a closed shell AB − species with a large electron affinity. . In conclusion, it is difficult to rely on general molecular properties to predict whether or not to expect AED reactions at low temperatures without explicitly calculating both the anion and neutral PES. This is especially true when dealing with open shell species.
In the present paper, we investigate the possibility to sympathetic cool the C . The molecular anion C − 2 has been widely studied both theoretically [27] [28] [29] [30] and experimentally [31] [32] [33] [34] [35] , in particular in the context of astrochemistry since it has been predicted to exist (but not yet detected) in some astrophysical environments . It possesses several electronic excited states that could be used in laser cooling schemes 18, 37, 38 . Furthermore, these excited states may be used to perform fluorescence imaging and Doppler spectroscopy in the context of sympathetic cooling experiments
39
. This non-destructive method should allow to map the position of the anions and estimate their translational temperature. It could be compared to destructive measurements such as photodetachment tomography 23 
.
Thus, in addition to threshold photodetachment spectroscopy 33 , several ways of measuring the translational and rotational temperature of C − 2 can be used. Furthermore, the ability to control the excited state of Li or Rb through a tuning of the magneto-optical trap (MOT) laser's intensity or via the repumping laser when a dark spontaneous optical trap (dark SPOTs) scheme is used 40 , as well as C − 2 using an electronic transition, opens up the possibility to study excited state dynamics.
In a ideal situation, the energy is thermally distributed along the different degrees of freedom and the ions should quickly thermalise with the buffer gas. However, in practice, the presence of the laser field, the coupling of the ions motion with the rf field 41, 42 , collisions with the background gas 43 , reactive collision with the buffer gas, and black-body radiation inside the reactive chamber lead to a non-equilibrium situation. Therefore, the cross sections and rate constants related to the different processes are needed to correctly describe such an environment.
This work is structured as follows: in section II, we present the calculation of the potential energy surfaces for the Rb-C − 2 and Li-C − 2 complexes. In section III, we investigate the AED reaction, both from ground state and excited state channels. In section IV, we use the PESs to perform close-coupling calculations and extract rotationally inelastic cross sections and rate constants corresponding to the (de-)excitation of C − 2 in collisions with Li and Rb atoms.
II. POTENTIAL ENERGY SURFACES
The interaction between Rb( 2 S) or Li( 2 S) and C states. This system is a typical multireference case where single reference method such as the coupled cluster approach will not be suited.
Therefore, the complete active space self consistent field (CASSCF) method has been used to obtain a set of state-averaged molecular orbitals. For RbC In addition, a correction for the size inconsistency problem (Davidson correction) has been taken into account [45] [46] [47] . This correction is usually denoted by MRCI+Q since it allows to account for the effect of quadruple excitations. The AWCV5Z basis set 48 has been used for the Li atoms with inclusion of the 1s electrons into the correlation treatment. The Rb atom is described by the ECPMDF28 (shortened MDF) electron core potential (ECP) 49 . The latter allows the 4s, 4p and 5s electrons to be explicitly correlated. The corresponding orbitals are described by the companion spdfg basis set of the MDF ECP
49
. Following our previous work on alkali and alkaline earth hydroxides 24, 50 , both Rb and Li basis sets have been extended with 3s,2p,1s, and 1f even-tempered diffuse functions. We have also investigated the influence of the core 1s C electron correlation on the PES, which is often neglected.
When including the 1s C orbitals, we have used the core correlation consistent AWCVQZ basis set for the C atoms while the AVQZ has been used otherwise. All calculations have been performed using the MOLPRO 2012 package 51 . In order to compute the potential energy surface (PES) for further scattering calculations, the M-C − 2 system (with M=Li or Rb) is described by the Jacobi coordinates R M , θ, and r illustrated in Figure 1 . Since we will investigate low temperature collisions, the vibration of C − 2 is not expected to be important and the distance r was held fixed at Energy (a.u) • in both spin multiplicities and with or without correlating the 1s C electrons is given in Table   I . The effect of the 1s C correlation is rather small (less than 3%) but depends on both the distance R M and on the angle θ. It is worth noting that including the 1s C electrons into the correlation treatment leads to considerably larger computational effort: the number of contracted CSFs and the memory used increases by a factor of 5, and the calculation time by a factor of 14. However, correlating the core orbitals of C − 2 was necessary to achieve convergence and avoid root flipping problems in the repulsive region of the PES. 
III. REACTIVE COLLISIONS
The only open reactive channel in the considered temperature range (T < 300 K) is the associative electronic detachment (AED) reaction M(
The reaction usually occurs when the PESs of the anion and neutral species cross, defining the autodetachment region. In this region, the spontaneous ejection of the excess electron usually takes place with a large rate ). In order to verify if the anion Figure 3 for the two extremum structures, namely θ = 0
• and 90
• . As can be seen, the anionic and neutral curves cross above the dissociation limit of the entrance channel, suggesting a small rate for the AED reaction at room temperature and below. In particular, the rate should be considerably smaller than for OH 
is likely to occur with a large probability.
Furthermore, the rate should be close to the Langevin rate since all collisional angles lead to crossing into the autodetachment region. Higher excited states of C 
and charge transfer reaction M(
) become energetically accessible. Both reactions will compete with the AED channel, but the latter is likely to be dominant since the system will first enter into the autodetachment region before it can exit via the CT or DED channels.
In the case of Rb, the spin-orbit coupling may influence the different potential energy curves. . Our calculations show that the resulting SO interaction is negligible and does not affect the dynamics in the sense that the AD region is still reached.
In conclusion, collisions involving excited species should predominantly lead to AED reactions. Experimental measurements could verify these hypotheses. Distinguishing the DED from AED products is not straightforward since both reactions lead to losses, and a specific detection method would therefore be needed. Nonetheless, the CT products M − should be easier to detect. The AED rate from both and OH −50 , the rate should therefore be larger for the channels involving M( 2 P ).
IV. INELASTIC COLLISIONS
Since collisions of ground state C − 2 with either Li or Rb atoms are non-reactive at low temperatures, we next investigate the possibility of cooling the rotational degree of freedom of C − 2 through inelastic collisions. Rotationally inelastic cross sections were calculated by means of the close-coupling (CC) approach 55 . The method has been widely used on a variety of molecular systems and details on the underlying theory may be found elsewhere 56 . Here, we only briefly recall the main equations of the CC approach. The method is based on an expansion of the total wave function into an angular basis set:
where R M is the radial distance and χ α are radial functions describing the nuclear motion.
In the case of atom-diatom (rigid rotor) collisions, the angular functions |α are described by the quantum numbers l, j, J which are eigenvalues of the angular momentum operator of the colliding system, the angular momentum operator of the rigid rotor and the total angular momentum operator, respectively. We thus have: |α = |ljJ . Integration of the time-independent Schrödinger equation over the angular variables leads to a set of coupled differential equations:
where the first term is the kinetic energy operator, E is the total energy, j 2 /2I is the angular momentum operator of the rigid rotor, V is the potential energy surface and L is the angular momentum describing the relative motion of the colliding partners. The potential V (R M , θ)
can be expanded over Legendre polynomials:
The three largest coefficients v λ (R M ) obtained for the Rb-C The potential allows for the coupling between different j levels through the following matrix elements: It can be seen that the cross sections for Li and Rb atoms are of similar magnitude although they are larger for Rb. For Li-C − 2 collisions, the differences between the singlet and triplet PESs on the dynamics are negligible. On the other hand, larger differences occur for Rb-C − 2 . These differences depend both on the initial rotational state and on the ∆j between the initial and final rotational states. Overall, the differences between the cross sections for both spin multiplicities are surprisingly small given the variation in the PESs discussed above. This may be explained by the fact that at low collision energies the long range interaction dominates the dynamics. In what follows, the cross sections are averaged over the spin multiplicity using the statistical ratio 1:3. E coll (cm The cross sections were averaged over a Maxwell-Boltzmann energy distribution to calculate the state-to-state rate coefficients for temperatures between 1 K and 100 K:
The rate coefficients for the transitions involving the first four rotational levels of C . The de-excitation rates for transitions ∆j = 4 are approximately three times smaller than for ∆j = 2, except for the transition j = 2 → 0 which is much smaller. It can also be observed that the rate coefficient for a given transition is larger for Li than for Rb. While the cross sections were larger for Rb than for Li, this effect is more than compensated by the presence of the reduced mass in Eq. (5) . These values can be compared to the Langevin rates of 5.01 × 10 
V. CONCLUSION
We have carried out a theoretical study of cold Li-C − 2 and Rb-C − 2 collisions in the context of hybrid trap experiments. We have investigated the associative detachment reaction which, in the considered energy regime, is the only accessible reactive channel. Based on the potential energy surfaces of the ground singlet and triplet states of the anion and the corresponding neutral, we predict the rate of associative detachment reaction to be very small.
In addition, we have shown that the reaction is likely to occur with a rate close to capture theory when considering collisions involving excited electronic states of C − 2 and/or Rb or Li. By reducing the fraction of excited Rb in the MOT (decreasing the laser intensity or using a DarkSPOT) or by using an alternative trap (e.g. a dipole trap) one could either decrease or hinder the loss through the excited channels. The associative detachment reaction will also be important when considering collisions with excited electronic states of C 
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